ABSTRACT This paper presents a universal design approach of multiport filtering power divider with the arbitrary power-division ratio, which is applicable for the designs of the single-ended/balanced circuit or hybrid of them. The power allocation in a specified passband is fulfilled by relying on two key factors in building a filter, i.e., coupling coefficient and external Q-factor (Q e ). After synthesis for the bandpass response, the total input/output Q e and the total coupling coefficient at each power dividing level can be determined. Subsequently, according to the desired power-dividing ratio, the coupling coefficient between the two coupled resonators and Q e of each output can be easily determined. Once the parameters for filtering response are fixed, the power allocation can be determined by Q e without effect on the filtering response. Thus, the two functions of bandpass and power dividing can be designed independently, which provides tremendous freedom for the overall design with the arbitrary order of filtering and number of output ports. The proposed topology has several advantages, such as flexibility, cost efficiency, and simple design procedure, which would be a good candidate for multiple-path operation in the current and future MIMO systems.
I. INTRODUCTION
As an effective way to improve the efficiency and reliability, multi-antennas have been applied in many kinds of wireless communication systems, such as 3G, LTE, WLAN, etc. According to the principle of information theory, the greater the number of antennas is adopted, the higher the efficiency and reliability can be obtained. Therefore, this technology has attracted great attention of future communication system [1] , [2] . For these multiple channels in the transmitter and receiver, how to achieve the required power allocation in a specific passband is an unavoidable issue.
Multiport power divider is one of the most important element in MIMO feeding network and has been widely developed based on various technologies, such as microstrip line [3] , metallic waveguide [4] , substrate integrated waveguide (SIW) [5] , and dielectric resonator (DR) [6] . In among, the employed topologies for 1-to-N power divider can be grouped into two general categories, those which distribute the power to loads directly in one step and those which do not. The former has high dividing efficiency (e.g. radial structure) [3] - [5] since the power needn't pass through several steps of dividing. The latter includes the tree [7] , [8] , chain [9] , [10] , polygon [11] and other structures according to various design theory, among which the best known is Wilkinson topology. In the last decades, multiport power dividers with equal power split ratio [12] - [14] have been extensively developed. Those with unequal split ratios [15] - [17] are also needed in beamforming system to obtain better directive performance. As shown in Fig. 1 , when an antenna array is fed by a power divider with pre-defined unequal split ratio, the side-lobes can be effectively reduced.
The fusion design of filtering power divider, which integrates two adjacent functional devices (filter and power divider) into one circuit, has been a hot topic recently in both Fig. 2(c) can not only effectively reduce the size and cost, but also prevent the connection loss. Accordingly, some kinds of filtering power dividers have been widely developed [18] - [23] in the past few years. Most of them focus on the realization of 1-to-2 filtering divider based on the Wilkinson concept. To cater for the future wireless communication system that requires the multiple-path operation, some multiport filtering power dividers have been reported recently. The mainstream design approach can be generally divided into two types: The first is using the traditional Wilkinson power dividers introduced by coupled filtering structure [24] - [29] . In this method, the required powerdivision ratio can be achieved by adjusting the coupling level [29] , but the previous work with large number of output ports was rarely mentioned. The second approach is to use the coupling resonators directly [30] - [34] . The popular design theories are based on the odd-/even-mode analysis and the coupling matrix synthesis. Although the design concepts of the above two methods are clear, the general and easy design approach of multiport (larger than 8) filtering power network with arbitrary power-division ratio has not been studied in depth yet.
The main problems of the above two design approaches based on coupling structure can be summarized as follows. Firstly, the odd-/even-mode impedances of the employed coupling lines have significant effect on both impedance matching and coupling level. Accordingly, the design procedure is complicated, which would be worsening greatly when the unequal division ratio is requested. Secondly, because of the dispersion, the impedance lines with different electrical lengths will cause the phase imbalance. In some designs, the performance improvement in one aspect might degrade the other, so the advantage of fusion design was not fully realized. Finally, since the complex coupling relationships lie in a multiport network, the research on the simple and efficient approach for solving the high-order coupling matrix needs to be deepened.
In this paper, a universal design approach for multiport filtering power divider is further investigated. As the extension of our previous work [35] , [40] , the universality of the approach is reflected in the following three aspects. First of all, the proposed combination topology based on both coupling coefficient and external Q-factor (Q e ) can be used to construct any kind of filtering power divider with arbitrary structure. Secondly, the approach is applicable for the designs of single-ended/balanced circuit or hybrid of them. Thirdly, the approach can be applied to realize arbitrary power-division ratio. In summary, the above features can improve the efficiency of the overall design. This paper is organized as follows. The topologies for multiport filtering power divider are presented in Section II in detail. The corresponding design approaches are discussed in Section III. To verify the proposed design concept, several filtering power divider with different topologies are designed and simulated in Section IV. A 1-to-9 single-ended filtering power divider is taken as an example to be implemented, and the simulated and measured results with good agreement are given in Section V. The conclusion is drawn in Section VI.
II. TOPOLOGIES FOR MULTIPORT FILTERING POWER DIVIDER
Figs. 3(a) and (b) show two topologies of n-order multiport filtering power dividers using the binary-tree and dandelion structures. S and L i (i = 1, 2 · · · N ) represent the input and outputs, respectively. Due to the convenience of port extension, the tree topology shown in Fig. 3(a) is widely used. However, as the number of ports increases, the volume of the circuit increases rapidly because each resonator in last level connects to only one port. In order to solve the problem, the dandelion topology in Fig. 3 (b) is proposed in [35] by authors' group. We take n = 4 for example, the number of resonators (R) in Fig. 3 (a) is 2 4 − 1 = 15, while it is only 4 in Fig. 3(b) . Thus, compared with the topology in Fig. 3 (a), the circuit volume in Fig. 3 (b) will be correspondingly decreased. At the same time, the number of output ports in Fig. 3 (a) is closely related to the filtering order, while the two parameters (port number and filtering order) in Fig. 3(b) can be independent of each other, which provides a simple way for the overall design with arbitrary order of resonators and number of loads. Due to the limitation on the number of ports arranged around a single resonator R, the two kinds of topologies can be combined with each other to meet the needs of more output ports as in Fig. 3(c) .
No matter which kind of topologies is adopted to achieve the fusion design, the coupling coefficient and the external quality factor are the two most important parameters to construct the passband and determine the power allocation. The coupling relationship between the two resonators in the adjacent levels of Fig. 3 (a) has been analyzed in [31] and [32] . It indicates that the coupling matrix of filtering power divider can be reconstructed by the filter's coupling matrix, which is already obtained before. Additionally, the external quality factor of each port in the filtering power divider based on the traditional tree topology has been verified to be equal by experiment in [30] . The relationship between Q e and the power allocation has been discussed in [35] . It points that the in-band power allocation of a filtering power divider with the topology shown in Fig. 3(b) depends on the Q e 's ratio, and the two functions of bandpass response and power division can be designed independently. Actually, when the above two topologies are combined as shown in Fig. 3(c) , more flexibility in the circuit design can be achieved, though it hasn't been widely discussed.
III. DESIGN APPROACHES FOR MULTIPORT FILTERING POWER DIVIDER
The design approaches for multiport filtering power divider are closely related to the three typical topologies discussed in Section II. It is assumed that the multiport network is lossless, and the required power-division ratio is α 1 : α 2 :· · ·: α N which can be achieved by tuning the coupling coefficient, Q e or both of them. Meanwhile, the multiport network is suitable for designs of single-ended/balanced circuit or hybrid of them.
A. POWER DIVIDING BY COUPLING COEFFICIENT Fig. 3(a) corresponds to the power-division scheme based on coupling coefficient. In this case, the coupling coefficient of the rth (arbitrary) branch in each level can be expressed by [32] 
where
is the original coupling coefficient from Level p-1 to p of the filter, and β 1 :
· · · β q represents the power-division ratio of each branch in Level p. Based on the relationship between the coupling coefficient and power allocation, the required division ratio of the output ports can be obtained by
where x 1 , x 2 , ···x n−1 represent the number of last branch from Level 1 to n-1. The branches in each level can be arranged in many ways, which indicates x 1 , x 2 , · · ·x n−1 can be equal or unequal.
B. POWER DIVIDING BY Qe Fig. 3(b) corresponds to the power-division scheme based on Q e . In this case, the coupling coefficient in each level is the same as that of the original filter, while the Q e of each load can be expressed by [35] 
where Q eL i and Q eL t respectively represent the Q e of each load L i and the total loads. It is worth to point out that Q eL t is equal to the Q e of the original filter. Based on the relationship between the Q e and power allocation, the required division ratio of the output ports can be obtained by
C. POWER DIVIDING BY BOTH COUPLING COEFFICIENT AND Qe Fig. 3(c) corresponds to the proposed topology for multiport filtering power divider. Combining the two factors of coupling coefficient and Q e discussed above, and in order to obtain the pre-defined division ratio of α 1 : α 2 :· · ·: α N , the following relationship must be satisfied.
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where Q eL i R j (j = 1, 2· · ·M ) represents the Q e of each load L i coupled with the resonator R j in the last level. Q eL yM R M represents the Q e of last load (L yM ) coupled with the last resonator (R M ) in the last level.
As can be seen in Fig. 3(c) , the average energy storage of the employed resonators in the last level is M times that in the blue dashed box while their power dissipations are with the same relationship. Thus, the ratio of the energy storage to the power dissipation remains unchanged. When the above relationship is introduced to the topology in Fig. 3(c) , the similar result can be obtained [30] . where Q eL t R j and Q eL t R t respectively represent the Q e of the total loads coupled with the resonator R j and all the resonators in the last level. Therefore, the design procedure for the multiport filtering power divider with the topology in Fig. 3(c) can be presented in the flowchart of Fig. 4 . The blue dashed box in Fig. 4 includes two independent steps. The first step is to calculate the coupling coefficients k (p−1), p and the desired Q e according to lowpass prototype, and Q eS of the input is equal to Q eL t R t and Q eL t R j . The second step is to calculate the coupling coefficient k r (p−1), p for each branch by (1) and Q eL i R j for each load by (3). Once Q eL t R j required by the filtering response is fixed, Q eL i R j can be determined and has no effect on the filtering response. Thus, the two functions of bandpass response and power allocation can be designed independently in each dandelion substructure (blue dashed box in Fig. 3(c) ). Finally, the required power allocation can be obtained by (5) .
Due to the flexibility of the design approach, the identical or nearly-identical performances can be obtained by different variations of the proposed topology in Fig. 3(c) . Figs. 5 show four kinds of topologies for 1-to-4 powerdividing network integrated with 2nd-order filtering The balanced topology has the advantages of high immunity to noise and low electromagnetic interference [36] . The single-ended-to-balanced [37] and balanced-to-single-ended [38] , [39] topologies can be used as a bridge to connect both balanced and singledended networks. The proposed hybrid topology, as shown in Fig. 5(c) or 5(d) , can be viewed as an extension of the above traditional topologies, because the balanced and unbalanced ports can coexist on the output side of a filtering power divider. It is worthy to note that when the relationship of both k and Q e in (5), no matter the port is single-ended or balanced, is satisfied, the single-ended/balanced or hybrid filtering power divider can be easily realized.
IV. DESIGN OF MULTIPORT FILTERING POWER DIVIDERS WITH DIFFERENT TOPOLOGIES
To further demonstrate the feasibility of the design approach, three kinds of prototypes based on the DR are designed. The employed DR cavities are all with the volume of a × a × c = 46 × 46 × 32 mm 3 . The dimensions of the traditional ringsharped DR are with the inner diameter of 8 mm, the outer diameter of 32 mm and the height of 13 mm. The permittivity (ε r ) and loss tangent (tanδ) of the employed DR are 38 and 2.5 × 10 −4 , respectively. To effectively excite the dominant mode (TE 01δ mode), the DR is placed on a cylindrical support (Al 2 O 3 ) with the diameter of 19.5 mm and the height of 7 mm. The coupling coefficient k 12 and Q e of the original filter (lowpass prototype) are 0.0107 and 111.1, respectively.
A. POWER DIVIDING BY COUPLING COEFFICIENT Fig. 6 shows the curve of coupling coefficient k against the width of coupling aperture W . The value of k becomes larger as W increases. When the width of the coupling aperture increases to a certain extent, the effect on the coupling coefficient becomes smaller. If the coupling coefficient still needs to be increased significantly, the adjacent DR cavities must get closer to each other, which will bring troublesome to engineering practice. Therefore, it is difficult to achieve large power split ratio by only adjusting the coupling coefficient. Fig. 7(a) shows the simulated and theoretical responses of the 1-to-3 filtering power divider with equal split ratio based on tree topology, showing good consistency. According to (1) , k As can be seen from Fig. 6 , the appropriate widths of coupling apertures are all 8 mm for meeting the above requirement. Fig. 7(b) shows the simulated and theoretical responses of the 1-to-3 filtering power divider with unequal split ratio based on tree topology. According to the split ratio of 3:1:1 and (2), k As can be seen from Fig. 6 , the corresponding widths of coupling apertures are respectively 13 mm, 5 mm and 5 mm. According to the discussion in Section II, the Q e of each port in the above two designs should be equal. Owing to the difference of coupling coefficient, it is difficult to adjust the filtering response of each channel to be exactly consistent. Since the proposed power allocation mainly focuses the in-band performance, the cross couplings of the theoretical response are not considered. The generation mechanism of transmission zeros relates to the angles and directions of feeding probes [40] .
B. POWER DIVIDING BY Qe
The design process of filtering power divider based on the dandelion topology is similar to that based on the tree topology, which still can be divided into two steps. The first step is to calculate the required Q e according to (3) and (4). Then, the dimensions of each probe can be chosen according to the curve of the extracted Q e against probe length, probe height and the gap between the probe and DR. Actually, in this design approach, each port can be single-ended or balanced, which indicates that hybrid port form can be integrated in one circuit. Although the above design approach has been presented in [35] , its value to design power divider with hybrid output ports has never been mentioned before. Figs. 8 show the simulated responses of the hybrid 1-to-3 filtering power divider in which Port 3 (Port 3') is a differential port pair and the other ports are all single-ended. In this case, Q eS is 1/3 of Q eL i (i = 1, 2 or 3) and 1/6 of Q eL
according to (3) and (4) . As can be seen, the three outputs are all in-phase. Hence, the hybrid structure shows the VOLUME 7, 2019 FIGURE 9. Simulated response of the 1-to-9 filtering power divider based on the combination topology.
universality of this approach, improving the theory mentioned in [35] .
C. POWER DIVIDING BY BOTH COUPLING COEFFICIENT AND Qe
Although the dandelion topology has significant advantages in the design of unequal power divider, the fact that only a few probes can be arranged around a single resonator limits the extension of the number of output ports. At this point, the merit of the tree topology to expand the number of resonators can be utilized. Thus, as shown in Fig. 3(c) , a new combination topology is formed by grafting the dandelion topologies onto the leaf nodes (the resonators in the last level) of the tree topology. In the combination topology, the tree and dandelion substructures can fully exploit the advantages and avoid the disadvantages. In order to reduce the effect of the different couplings on the filtering response of each channel, the tree substructure is only applied for equal power distribution. Fig. 9 shows the simulated response of the 1-to-9 filtering power divider based on the combination topology which consists of a 1-to-3 tree topology and three 1-to-3 dandelion topologies. In this case, the Q e of each port should be equal. To demonstrate the application of the combination topology for unequal power dividing, a 1-to-8 filtering power divider with the split ratio of 4:2:1:1:4:2:1:1 has been designed, as shown in the inset of Fig. 10 . It consists of a 1-to-2 tree topology and two 1-to-4 dandelion topologies with the split ratio of 4:2:1:1. In this case, the coupling coefficients of the tree substructure are equal. According to the power split ratio and (5), the Q e s' ratio should be 1:2:4:4:1:2:4:4. Fig. 10 shows the simulated response of the 1-to-8 unequal power divider which can be viewed as a good candidate for reducing the side-lobes of an antenna array with eight elements, as shown in Fig. 1 .
V. EXPERIMENT FOR 1-TO-9 FILTERING POWER DIVIDER
For demonstration, the proposed 1-to-9 filtering power divider in Section IV-C is taken as an example. Fig. 11 shows the photograph of the implemented circuit corresponding to the inset model in Fig. 9 . The widths of coupling apertures are the same as those in Fig. 7(a) . The probe dimensions of all output ports are well tuned to make their Q e equal to 333.3. Fig. 12 illustrates the measured and simulated S-parameters with good accordance. The experiment is accomplished by using the Agilent N5230C PNA-L network analyzer. The measured passband is located at about 1.74 GHz. The measured in-band insertion losses are all better than (9.5 + 0.7) dB. The return losses are all better than 25 dB. Both simulated and measured in-band amplitude imbalances are within 0.6 dB, and all the outputs are in-phase. Comparing the results in Figs. 9 and 12 , the slight differences between the measured and simulated responses can be mainly attributed to the tolerance of fabrication and assembly.
VI. CONCLUSION
In this paper, the topology and design approach for multiport filtering power divider with arbitrary power-division ratio has been presented, which exhibits a universal solution. To inherit the advantages and avoid the disadvantages of the tree and dandelion topologies, a combination topology is proposed, which is applicable for the designs of single-ended/balanced circuit or hybrid of them. Compared with the traditional tree topology, the number of required resonators is reduced significantly. Compared with the dandelion topology, the design process is more flexible. Two key factors in constructing a filter, i.e. coupling coefficient and Q e are analyzed for further realizing the power allocation in a specified passband. The designs of power allocation and bandpass response are mutually independent. The approach facilitates the compact designs and simplifies the design procedure, making it attractive in many practical MIMO applications.
